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SUMMARY

A methodforthesolutionoftheincompressible,nonviscousflow.
througha centrifugaltipelkr,includingtheinletregion,ispresented.
Severslnumericalsolutionsareobtsinedforfourweightflowsthrough

* animpelleratoneoperatingspeed.Theresultsarepresentedina
seriesoffiguresshowingstreamlinesandrelativevelocitycontours.
A comparisonismadewiththeresultsobtfinedby usinga rapidapproxi-
matemethodof analysis.

INTROIIJCTION

Inordertoprovidethefundamentalinformationabouttheinternal
flownecessaryfortherationaldesignofefficientcentrifugalcompres-
sors,two-dimensionalsolutionsofthepotentialflowthroughcentrifugal
compressorsonbothblade-to-bladeandmeridionalsurfaceshavebeenob-
tainedby meansofrelaxationmethodsinreferences1 to 4. In addition,
a three-dimensionalpotential-flowsolutionwasobtainedby similarmeans
inreference5. However,allthesesolutionssreforimpellerstithin-
ducersectionsextendedinfinitelyfsrupstreamorto thesxisoftheiw
pellerandthusyzkldno informationconcerningtheflowbehaviorahead
of andattheentrancetobladesoffinitethicknessorbladeswhichare
notalinedwiththeinletstresm.

A rapidapproximatemethodhasbeendevelopedinreference6 that
willpredictthebladesurfacevelocitiesin centrifugalimpellers.The
accuracyofthismethodhasbeeninvestigatedfortheregiondownstream
oftheinducersection.However,becauseofthelackof ~ exactsolution
oftheflowintheinletregion,therehasbeenno verificationoftheap-
proximatemethodthere.
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Consequently,a methodforanalyzingtheflowin a centrifugalim-
peller,includingtheinletregion,by numericalsolutionofthepertial. &
differentialequationgoverningtheflowwasdevelopedattheNACALewis
laboratoryandispresentedherein.Thismethodwasappliedto a 48-inch-
diametercentrifugalimpellerforbothdesignandoff-designflowcon-
ditions.Theimpellerissimilartothatdiscussedinreferences7 and
8. Theresultsoftheexactsolutionwe comparedwiththeresultsofthe
rapidapproximatemethodofreference6. —

ANALYSIS

Theformulationoftheproblemandtheproposedmethodof solution
oftheproblemsrediscussedinthissection.

StatementofProblem .

Thebasicassumptionswhicharemadeconcerningthephysicalnature
oftheflowdeterminethepartialdifferentialequationgoverningthe &
flow.Theassigningofproperboundaryconditionstotheproblemthen
determinestheparticularsolutionofthep~tisldifferentialequation.

Aseumptions.- Theflowisassumedtobe steady,incompressible,and
nonviscous.Theassuwtionof steady,nonviscousflowiscustomaryin
compressorflowanalyses.Severalsolutionshavebeenohtsinedtaking
compressibilityintoaccount(e.g.,refs.1 and2). Theadditionofthe
conditionof compressibilitycomplicatesthesolutionby a factorwhich
wasconsideredtobe outofproportionwithitsvalueinthiscase.
Therefore,thefluidwasassumedincompressible.

Thefurtherassumptionismadethattheflowis constrainedto a
blade-to-bladesurfaceofrevolutionwhichis symmetricalabouttheim-
pelleraxis.Althoughtheflowis constrainedtothissurface,a varia-
tioninthethicknessofthestresmsheetprovidesa closerapproximation
totheactualcase.Theshapeofthestreamsurfaceintheaxial-radial
planeaswellasthethicknessvariationisdefinedas a functionof
radialpositionwhichisspecifiedatthebeginningofthesolution.

Therearstagnationpointisassumedtobe locatedatthebladetip.
TheKuttaconditionstatesthatfora noncuspidatebladewitha sharp
trailingedgetherearstagnationpointoccursatthetip. However,for - ‘“
an impellerwitha roundedtrailingedgethelocationoftheresrstagna-
tionpointcannotbe preticted.Itwasnecessary,therefore,to assumk
thelocationoftheresrstagnationpoint.

.=
Differentialequation.- Inthisanalysis,theright-handedcyMn-

dricelcoordinatesr, e, and z (seefigs.1 and2) ereused. Allsym-
bolsme definedintheappendix.Theangularvelocityoftheimpeller u
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isdenotedby @ sndthefluiddensityby p. Thestresm-sheetthick-
4 nessinthez-directionisrepresentedby b. Thetraceofthestream

surfaceinthesxisl-radialplaneis givenby specifyingz as a function
of r. Theslope dr/dz ofthiscurveisequaltothetangentofthe
anglebetweenthesxisof rotationsadthetangenttothetraceofthe
stresmsurfaceintheaxial-radialplaneandisdenotedby k (seefig.
2). Thus,theresultantvelocityw isgivenby

m02
%

wherethesubscriptsr and 0 indicatecomponentsinther- and
e-directions,resjjectively.Ao

2 ThestreamfunctionY isdefinedby
d equations:1-
Ct”v

s
%

= -bpwe

%
= rbpwr

Inthisreportallderivativeswithrespect

thefollowingdifferential

(la}

(lb)

to r shallbe understood
tomeande&ivativestithrespectto r ‘onthestreamsurface,thatis,
~/ar inthisreportshallcorrespondtothebold-faced@ ofrefer-
ence9, inwhichthedifferentialequationforthetypeflowconsid-
eredhereinisderived.Withthesedefinitionssmdassumptions,the .
differentialequationoftheflowbecomes

Thisequation,togetherwiththeboundary
determinestheproblem.

(seeref.9,p.-35)“

)+1 a2y_mp
F a#

conditions,mathematically

(2)

Boundaryconditions.- Thisanalysisoftheflowis a boundsry-value
problemofthefirstkindor a Dirichletproblem.Certainboundariesof
theflowandthevaluesofthestreamfunctionontheseboundariesare
specified.Furthermore,theflowis assumedto varyperiodicallyinthe
circumferentialdirection,completinga cycleinonepitchangle,the
E@@= distancebetweentwoadjacentblademeanlines.Therotational
speedoftheimpellerandtheweightflowthroughthecompressorsrealso
specified.Thedomainofthesolutionis extendedsufficientlyfsrup-.
stresmsnddownstream,sothattheflowisassumedtobeuniformatthe
upstresmanddownstreamboundaries.Withthesdditionoftheseconditions,

4 theproblemisdeterminedmathematically.
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(eq.
four
that

Method.ofSolution

SuperpositionoffourIxasicsolutions.- Thedifferentialequation
(2))wassolvedby a superpositionoffourbasicsolutions.These
basicsolutdmnsforma setoflinearlyin&pendentsolutionssuch
au pOSSibbfbws (inchdingti tipSp3?d8)areexpressibleas

6

linearconibinationsofthesebasicsolutions.Thefirstofthese,desig-
nated~0~isa solutionof equation(2)withtheconditionthatno flow
crossestheupstresm“emddownstreamboundariesand m = ~ # O. N

sml
Theotherthreebasicsolutions,designated~1,v2$and.v3JWe

solutionsofthelinearhomogeneousequationobtainedby equatingthe
leftsideofe~ation(2)to zero.Thus,if

then *1,~2~~a *3 aresolutionsof

L(y)=0

BecauseL is a Ilnesroperator,*O phu3

~2Jand *3 willsatisfyequation(2)for
.

linearcombinationsof $1,

a=%.

.

D

Boundsryconditionsforfourbasicsolutions.- Theflowregionis
representedby abcdefghin sketch(a).

.

w

Sketch(a)
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* Theupstresmanddowmstrea?riboundaries,ah andde,respectively,are
placedsufficientlyfarfromthebladessothatflowconditionscanbe
assumeduniformatthesestations.Thesngulardistancefroma to h and
fromd to e isonepitchangle.Fordl thebasicsolutions,thecondi-
tionthattheflowisperiodicabouttheaxisofrotationwitha period
of onepitchanglemakesitpossibleto obtainthesolutionswithouta
knowledgeofthestresmfunctionalongab andgh. Thefinite-difference
equationforpointsalongtheselinesis obtainedinthessmemanneras
inreference10. Forthesolution*O inwhichtheflowisthatinduced
onlyby therotationoftheimpellerwithoutanythroughflow,thevalue
of ~ alongah snddeis specifiedzero,indicatingno flowcrossingthe
upstreamanddownstreamboundaries.Thevaluesslongthebladesurfaces
bc andgfarealsospecifiedaszero.Thesolutionto equation(2)for
theseboundaryconditionsisdesignated*O.

.
Thethrough-flowsolution,thatis,theflowthroughthestationary

bladerow,isobtsinedfromlinearconibinationsofthreebasicsolutions
& tothehomogeneousequationobtainedbyequatingtheleftsideofequa-

tion(2)to zero.Allpossibleflowsthroughthestationarybladerow..
canbe representedby linearconibinationsofthesebasicsolutions.It
canbe seenfromtheboundaryconditionsshowninthefollowingtable
thatthesethreebasicsolutionssrelinearlyindependent.

Basic Boundsryvaluesat
solutionPointa Pointd Pointe Pointh

Thevalueof $ slongthetrailingfaceis specifiedas zeroandalong
thedrivingfaceaa1 forallthreesolutions.Thattheseindependent
solutionsme sufficientfortheconstructionof allpossiblethrough
flowscanbe seenfromthefollowingconsideration.

Anyflowisdeterminedwhentheupstresmanddownstreamflowcondi-
tionssrespecified.Thevelocityis assumedtobe constantat stations
ahandde. Hence,thestresmfunctionvsrieslinearlyfroma to h and
fromd to e. Sincetheangulardistancefroma to h andfromd to e is. onepitchangleandtheflowisassumedto varyperiodicallyaboutthe
axiswitha periodofonepitchangle,thespecificationof conditions

d atpointsa,d, andh fixesthesolution.Thevslueof ~ is constant
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alongboththedrivingandtrailingfaces,Wth thedifferencebetween
thefunctionvaluesbeingequslto $h - Va. Thechoiceof O and S D

asthevsluesof ~ atpointsa,h,d, ande andalong%C andgfrepre-
sentsno restrictionsincethesethreebasicsolutionsremainsolutions
tothehomogeneousequationwhenchanged%ya multiplicativeor titive
constant.

Coefficientsof ~o,$1,*2,and $3 inlinearcombinations.- The
finalsolutionY foranyweightfloworrotationalspeedwillbe ob-
tainedfroman equationoftheform $!N

~=%l$o +%*1 +%2’$2+A3*3 (3)

Thecoefficients% ‘1>+> =d A3 aredeterminedby thespecifica-

tionof fourindependentphysicalconditions:

[

(1)therotationalspeed, .
2)theweightflow,(3)thelocationoftheresrstagnationpoint,and
4) irrotationalityoftheabsoluteflow.

●

Thecoefficient~ isdeterminedby therotationalspeedandis
givenby

%;”=—

Thatis,~ istheratiooftherotationalspeedm forthedesired
solutionto thatusedinobtainingthebasicsolution~.

flow
Thechangein Y acrossonebladepassageisequaltotheweight
througha singlepassage.Therefore,

where M istheweightflowthrougha singlepassage.

Therearstagnationpointisassumedtobe atthebladetip. Thus,
at thetip,

‘e=”

or

()gt=o. (6)
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Thisderivativeis e~ressed.infinite-differenceformforthegridpoint4 attheblade.tipandwithequation(3)yieldsa lJnearrelationin ~,
Al,~, and A3.

Theabsoluteflowisirrotational,so

radialstationsupstresmofthebladerow,

mm mal

that,if rl
thefollowing

and r2 are
equationholds:

J J (we,l+~l)rlde=0(w~,~++rp - 0
0

(7)

wherethesubscripts1 and 2 indicatevaluesslongthelines r = r,

and r = rz,respectively.E rl
attheupstresmboundary,equation

J2YC4
‘2we,2

0

-L
is chosenequalto thevalueof r
(7)becomes

de=- ZZl@

‘ince‘e,I is equalto -1. Whenthestrewn-function

(la)) isintroduced,equation(8)becomes

(8)

definition(eq.

(9)

Equation(9)canbe integratednumericallytoyielda linearrelationin
% AI)~, and A3.

Equations(4),(5),(6),and(9)forma systemoffoursimultaneous
independentequationsinfourunknowns~, Al,A2jand A3.

Numericalmethodof obtainingbasicsolutions.- Theregionof solu-
tionwascoveredwitha networkof gridlineswhoseintersectionsform
gridorncxlalpoints,aa shownin figure1.

Thesolutionfora givensetofboundaryconditionsofthediffer-
entialequationwasobtainedat eachofthesegridpointsby solvingthe
setoflinesrsimultaneousequationsobtainedwhenthedifferentialequa-
tioniswritteninfinite-differenceformforeachgridpoint.A five-

. pointsystemwasusedinthefinite-differenceapproximationof thederiv-
atives.Thisprocedureis equivalentto approximatingthestreamfunction
by a fourth-degreepolynomialintheneighborhoodofthegridpoint.The

*
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solutionofthesetof n linearsimultaneousequationswasobtainedon
high-speeddigitalcomputersby thematrixmethodoutlinedinreference s
10. Sincetherewerefourbasicsolutions,foursetsof n simultaneous
linesrequationsweresolvedby thisprocess.

NumericalExample

Thepreviouslyoutlinedmethodwasappliedinorderto analyzethe
flowin a 48-inch-dismeterradial-inletcentrifugalimpeller.A de-
scriptionofthegeometryoftheimpellerandtheoperatingconditions
forwhichtheanalysiswascmied outfollows.

Geometryof impeller.- Theimpellerinvestigatedwasa 48-inch-tip-
diameterradisl-inl.etcentrifugalimpellerhaving18blades,similsrto
thatdiscussedinreferences7 and8. Thesharpleadingedgeandblunt
trailingedgewereroundedas showninfigure1 becauseofpracticalcorn- ●

putingconsiderations.ThebladecoordinatesaregivenintshleI. The
solutionwasobtainedonthesurfacegeneratedbyrotatingthemeanblade-
heightlineabouttheaxisofrotation.Thislinewasapproximatedbythe P
follotingfunction:

-0.041456z = r- 0.40828)+ constant (lo)

Thestreamlinespacingintheaxial-radialplaneisnotknown.Therefore,
thestream-sheetthicknessb inthez-directionwasapproxfmatedbythe
bladeheightinthez-direction.Thisparameterwasapproximatedbythe
followingfunction:

b = 0.07208+ 1.01517e-1”5460b (u)

Theparameterh isequalto drjdz ofthestream-surfacetraceinthe
=ial-radisLplaneandfromequation(10)iS givenby

1 0.041456
‘= (r-0.40828)2

(12)

Operatingconditions.- Foursolutionswereobtainedcorresponding
to fourweightflowsata tipspeedof700feetpersecond.Thesefour
weightflows,whichcorrespondto thoseofreference9, areshowninthe
followingtable:

.



NACATN 3448 9

-A

RESULTSANDDISCUSSION

Theresultsofthesolutionsobtainedby theapplicationofthepre-
viouslyoutlinedmethodarepresentedinfigures3 snd4,whichshow
streamlinesandconstsntrelativevelocitycontours,respectively.Fig-
ures3 snd4 areprojectionsonthe r8-plsne,thatis,thecurvatureof
thestresmsurfaceintheaxial-radialplaneisneglected.Theconqmri-
sonwiththeresultsoftheapproximatemethoddesaibedinreference6
ismadeinfigure5.

Itwasconsidereddesirableto obtainthedistributionof theveloc-
ityatthebladenoseinmoredetailthanwasobtslnedbythissolution.
Therefore,a refinementofthesolutioninthisregionwasmadeby relax-
ationmethodsandispresentedinreference11.

Streamlines

Thedistributionof streamfunctionis shownby meansof contours
of constsntstrean-functionratioV/M infigure3 forthefourweight
flowsinvestigated.Theimpellertipspeedwas700feetpersecondfor
sllfourcases.

CaseA. - Infigure3(a)thestreamlinesfora weightflowof14
poundspersecondareshown.Thisconditionistheincipientsurge
weightflowfortheexperimentalcase(ref.9). A largeeddyattached
to thedrivingfaceofthebladeextendsfrom r-1.30 to r-1.84 and
almostone-thirdthedistanceacrossthepassagebetweenbladesatits
widestpoint.A stagnationpointexistsnesrthecenterofthiseddy
region.Themajorpartoftheflowis concentratedintheregionnesr
thetrailingface,whiletheeddyandotherrelativelylow-momentumfluid
occupyhalfthechannel.

Aftertheflowisturnedtothebladedirectionintheinletregion,
,theflowoutsidetheeddyremainsroughlyparalleltothetrailingface
ofthebladeto ‘r-l.5.Slipthenbeginsto occursndtheslipfactor,
theratioofthemass-averaged~solutetangentialvelocityofthefluid
atthetiptotheabsolutetipspeed,isequalto 0.874.

CaseB. - Thestreamlinepatternfortheexperimentalpeakpressure
ratioandpeak-efficiencyweightflow(26.25lb/see)isshowninfigure
3(b). Thisweightflowis sufficientlyhighto eliminatetheeddyonthe
drivingfaceoftheblade.However,a fairlylsrgeconcentrationoflow-
momentumairis still.present,sothathsHwaythroughtheimpeller50
percentofthefluidoccupiesmorethantwo-thirdstheavailableflow
area.Slipbeginsat r-1.50,andtheslipfactoris0.873.
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CaseC. - Thestreamlinepatternfora weightflowof
persecond(fig.3(c))is similartothatfor26.25pounds
becauseofthecomparativelysmallchangeinweightflow.

NACATN3440

32.10pounds
persecond
Theflowcon-

tinuesto shifttowardthedrivingface,andtheslipfactoris0.871.

CaseD. - Infigure3(d),thestresnil.inepatternis shownfora
weightflowof44poundspersecond.1%theinvestigationreportedin
reference7 thisrepresentedthemaxinmmweightflow.Theflow iS dis-
tributedacrossthepassagemorenesrlyuniformlythanintheotherex-
amples.Theflowceasedtobe perfectlyguidedat r-1.50,as occurred
forallother-weightflows.Theslipfactor--forthisconditionis0.859,
sothatthetotalvariationIn slipfactorfromsurgetomaximumweight
flowisonly0.01.5. ‘

RelativeVelocity

As statedpreviously,thesolutionintheimmediateneigliborhoodof
thenosewasrefinedandisreportedinreferenceIl. Hence,no discus-
sionof’thenoseregion1spresentedherein.

b

.

R

Case A. - Contoursof constantrelativevelocityratioW (relative
velocitydivided,bytipspeed)areplottedinfigure4[a)fora weight
flowof14poundspersecond.Downstreamoftheleadingedgeslongthe
trailingface,thereisa decelerationup to r-1.2. Thevelocitythen
remainsconstantto r-1.70,wherea decelerationbeginsandcontinues
to thestagnationpointatthetip. Alongthedrivingface,theflow
deceleratesaftertheslightaccelerationjustdownstreamofthestagna-
tionpoint.Thisdecelerationcontinuestothestagnationpointat
r-1.30,atwhichpointtheeddybeginsto form.Theeddyexistsalong
the~eaterpartoftheblade.Thereisa slightaccelerationnesrthe
tip.

CaseB. - Infigure4(b)thevelocitycontoursfora weightflowof
26.25poundspersecondareshown.Aftertheslightdecelerationjust
downstreamoftheleadingedge,thevelocityslongthetrsdlingfaceis
constant(exceptfora smallaccelerationanddecelerationat r ‘“1.3)to ._
r - 1.70.Theflowthendeceleratestothestagnationpointatthetip.
Alongthedrivingface,thevelocitydecreasesto r - 1.36 andthenis
constantto r - 1.80.Theflowbeginsto accelerateandthendecelerates
tothetipstagnationpoint.

CaseC. - Figure4(c)presentsthevelocitycontoursfora weight
flowof 32.10poundspersecond.Thevelocityalongthetrailingfaceis
constantfrom r-1.O to r-1.3 afterthedecelerationjustdownstream
oftheleadingedge.At r~l.3,a slightaccelerationfollowedbya
rapiddecelerationoccurs.Thisvelocitypeakis causedbythebeginning
ofmorerapidbladecurvatureatthatpoint.Thiseffectoftheblade
curvatureismoreevidentforthehigherweightflowsthanforthelower
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becauseoftheabsenceofthedecelerationonthetrailingfacejustdown-
streamoftheleadingedgeforthehigherweightflows.Downstreamof
thisrapiddecelerationcsusedbythebladecurvature,thevelocityis
constantfrom r-1.35 to r-1.7. Theusualdecelerationto thestag-
nationpointbeginsatthatpoint.Onthedrivingface,theflowdecel-
eratesfromjustdownstreamoftheleadingedgeto r-1.4. Thevelocity
isthenconstantto r-1.7 wheretheflowbeginsto accelerateslightly,
followedbythedecelerationtothestagnationpoint.

CaseD. - Thevelocitycontoursfora weightflowof4-4poundsper
secondsre plottedinfigure4(d).‘Theflowalongthedrivingandtrail-
ingfacesis similartothatfor32.10poundspersecond,becauseinboth
casestheinletflowisdirectedtowardthetrailingface.Thelocslac-
celerationanddecelerationonthetrailingfaceat r*l.3 ismore

;
pronounced.

y Angleof attack.- Theapproximatemeanangleof attack,thatis,
mu theanglebetweenthemeanflowdirectionattheinletandthetangentto

theblademeanline,wascomputedfromtherotationalspeedandtheaver-A ageinletvelocity.Theaverageinletvelocitywascomputedfromthe
weightflowandthesnnulararea.Twovalueswereusedfortheannular
area: (1)thetotalannulsrareawithnobladeblockageassmed,and(2)
thetotalannularsreaminustheblockagecausedbytheblades.The
thicknessofthebladesusedinthelattercomputationwasthatatthe
1.4-footradius, whichwasapproximatelytheradiusatwhichmsxiummblade
thicknessinthetangentialdirectionoccurred.Themeanangleof attack
acrossthepassageatthe1.4-footradiuswasalsocomputedfromtheexact
solution.Thesesrecomparedinthefollowingtable:rWeightflow,lb/see

r14
26.25
32.10
44

“deg- ! deg “I deg “
I

12.3 9.2 0
.1 -4.6 -5.3

-4.9 -10.0 -9.0
-13.6 -19.0 -15.4

Thesignconventionfortheeagleof attackis suchthatappositiveangle
ofattackindicatesflowdirectedtowsrdsthedrivingfaceoftheblade.
Fromthecomparisonoftheseanglesofattack,itis apparent‘thatthe
meanangleof attackisbestpredictedbybasingthecalculationsonthe
annularareawithbladeblockageconsidered.Thepooragreementbetween
themeanangleof attackoftheexactsolutionandthatbasedonth~

. blocked-inletannularsreaatthelowestweightflowisprobablycaused
by theeddy. It sllsoappearsfromtheseaverageanglesof attackthat
theoriginalbladeshapeshownby thedashedlineinfigure1 wouldper-

U formbetterat a weightflowof 26.25poundspersecond.Thebladeangle
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ofthedrivingfacejustdownstreamoftheroundedleadingedgeis 57°)
whereastheanglebetweenthemeanlineandtheradialdirectionis62°. *
Thus,attheweightflowof 26.25poundspersecondtheaverageinlet
flowanglewouldapproximatelyequalthedriving-facebladeangle.

ComparisonwithApproximateMethod

Thebladesurfacevelocitiesforthefourweightflowswerecomputed
by therapidapproximatemethodofreference6 inorderto determinethe mN
accuracyoftheapproximatemethod,especiallyintheinletregion,by %
comparisonwiththematrixsolution.Infigure5, thesurfacevelocity
ratiosas computedby theapproximatemethoderecomparedwiththesur-
facevelocityratiosasdeterminedlythematrixmethud.Thevelocity
ratiosme plottedagainstdistances alongtheblademean~ne.

Intheapproximatemethodthemasg-avermedvelocityratio Wm is .

assumedequaltotheaverageofthebladesurfacevelocityratiosWav.
Themass-averagedflowangle13misassumedequs3totheaverageofthe w

bladesurfaceangles~av forvaluesof sS1.34. For s>l.34,pm is
approximatedby a parabolicvsriation(withr)betweentheaverageof
thebladesurfaceanglesat s = 1.34 andtheflowangleatthetipas
determinedby theslipfactor.Thesloped13av/drat s = 1.34isused
asthethirdconditionto determinetheparabola.Theapproximateflow
angleas givenby theparabolicvariationisalsodenotedby~av, In
orderto evaluatethevalidityoftheseassumptions,13miscomperedwith
Pav and Wm iscomparedwith Wav

.
infigures6 and7,respectively.

Itwasimpossibleto obtainmeaningfulresultsintheregionofthe
roundedleadingedge.Thisfailureoftheapproximatemethodis caused
by theinvalidityoftheassumptionthat ~m isequalto ~av. For
valuesof s suchthat 0.07SssO.6,thesurfacevelocitiesarepre-
dictedadequatelyforcasesB andC butpoorlyforcasesA andD. For
caseA thefailureisprobablycsnsedby thechengeintherelativesize
‘f Bav and 13m.At S = 0.6,f3avis greaterthan ~ butthenbecomes
lessthan pm as s decreases.Thistrendisnotfollowedintheother
cases.ForcaseD the~eement of Wav tith Wm andof ~av tith ~m
ispoorerfor s<O.6 thanfortheothercases.ThetrendsforcaseD,
however,werethessmeasforcasesB endC.

Intheregion0.6Ss~l.8~theagreementbetweentheapproximate
solutionandtheexactsolutionisadequate(exceptintheneighborhood
Ofs= 0.8 forcasesB, C,andD) forapproximatelypredicti~both
thevelocityandthevelocitygradientsforallfourweightflows.Such
goodagreementis surprisingforcaseA becausethe.agreementbetween

.
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Wm and Wav andbetweenpm and ~~v Isnotnesrlysogoodforcase
4

A asit isfortheotherCasesj theeddyattachedtothehivingfacefor
caseA isthecauseofthispooragreement.

For s>l.8,theagreementbetweentheapproximatemethodandthe
exactmethodispoorand ~av islessthan j3mforsZlfourcasesex-
ceptnesrthetipin caseA. Thisreverseintrend,togetherwiththe
factthatthebladesurfaceanglesdifferby a largeemount,probablyis
thereasonforthefailureoftheapproximatemethodnesrthetip. In
theregionS>l.34,pav isdeterminedlya p~abolicapproximationto

Pm. Since 13avand pm agreefairlywellat s . 1.34andatthetip,
thefailureofthepsxabolicapproximationmst be attributedto in-
correctvaluesof i$av/drat s = 1.34 ortotheinadequacyof a,para-
bol.icapproximation.

SUMMARYOFR!ZSKUL!S

A methodforthesolutionoftheincompressiblenonviscousflow
througha centrifugalimpeller(includingtheinletregion)ispresented
andis appliedto a 48-inch-d3a.metercentrifugalimpeller.solutions
wereobtainedforfourweightflowsrangingfromincipientsurgeto riax-
imumasdeterminedby actualimpellertests.Thebladesurfaceveloci-
tiesobtainedbythesesolutionswerecompsredwiththoseobtainedbya
rapidapproximatemethodof snslysis.Thefollowingresultswerenoted:

1.A lwge eddyformedonthedritingfaceofthebladeatthein-
cipientsurgeweightflowbutwasnotpresentforthethreehigherweight
flows●

2.Theslipfactorvsriedfrom0.874to 0.859astheweightflow
increased.

3.Forweightflowsof26.25,32.10,and44poundspersecond,a
localaccelerationfollowedby a rapiddecelerationoccurredonthe
trailingfaceofthebladesata radiusofabout1.3feet,thatis,where
thebladebeginsto curvemorerapidly.

4.TherapidapproximatemethodwaEadequateintheinletregion
~ustdownstreamoftheleadingedgeforweightflowsof 26.25and32.10
poundspersecond.Theseweightflowscorrespondedtomeananglesof
attackof -5.3°and-9.0°,respectively.

.

*
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5. Themeanangleof attackwasbestpredictedbybasingtheapprox-
imatecomputationontheweightflow,thetipspeed,andtheannulararea L

minus theblockageoftheblades.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,March4, 1955
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APPENDIX- SYMBOISd

Thefollowings~bolssreusedinthisreport:

N -b
E!
N M

r

8

w
.

z

e

A

P

Y

u.)

coefficientsineq.(4)

stream-sheetthicknessin z-direction,ft

weightflowthroughsingle~assage,lb/see

radialdistsnce,ft

distancealongbhde meanline,ft

ratioofrelativevelocitytotipspeed

relativevelocity,ft/sec

axialdistance,ft

angularcoordinateinrelativesystem,radians

slopeoftraceof streamsurfacein axisl-r~al.plane

fluiddensity,lb/cuft

streamfunction,eq.(1)

basicsolutions

SZUWlarvelocityof impeller,radian/see

Subscripts:

av approximationtomass-averagedvalueusedin approximatemethod

m mass-averagedvalue

r componentinradialdirectton

t impellertip
.

e componentintangentialdirection

4 0 valueinbasicsolutionofeq.(2)

1,2 conditionsalongr = rl and r = r2,respectively
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TABEEI.- MODIFIXDBLADECOORDINATES

Driving face
r e

1.0405 0.73321
1.0521 .72685
1.0696 .70353
1.0740 .69780
1.1190 .63965
1.1278 .62944
1.1711 .58150
1.2324 .52335
1.2441 .51335
1.3095 .46520
1.3604 .43582
1.4262 .40705
1.4767 .39101
1.5930 .36851
1.7093 .36080
1.8256 .35976
1.9419 .35976
2.0000 .35497
2.0123 .34890

Trailingface
r

1.0285
1.0352
1.0405
1.0518
1.0696
1.0971
1.1278
1.1511
1.2144
1.2441
1.2974
1.3525
1.3604
1.4283
1.4767
1.5600
1.5930
1.7093
1.8256
1.9419
2.0000
2.0123

e

1.72685
.69779
.68973
.66871
.64304
.61056
.57638
.55241
.49426
.47164
.43611
.40704
.40350
.37798
.36464
.34890
.34536
.33994
.34161
.34265
.34432
.34890
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Figure 1. - Grid s~tem for over-all solutlon.
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(a) Web@tflow,14 poundsper second (case A).

Figure 3. - Streemkinea.

.
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(b)Weightflow, 26.25 poundsper second (case B).

Figure3. - Continued. ERresmlines.
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(c) Weightflow,32.10 poundBper second (case C).

Figure 3. - Cotiti.nud. Slme~nes.

.

.

.

.

.
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(d) Weightflow, 44 poundsper second (case D).

Fi@re3. - Concluded. Stree.mlines.
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20

(a). We@tflow,14 poundsper second ( case A).

F@reh.-Contcmrsofcont3tantrelativevelocltyra%~oV.

.

.
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(b) Weightflow, 26.25 poundsper second(case B).
F@re4. - continued. Contoursof constantrelative velocity ratio W.
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. .

(c) Weightflow,32.111pounds”per second (case C). .

Figure4. - Continued. Contour8of con.etentrelative velocity rbtio U.

.

.

.
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(U) Weight flow,44pomdn per second(ca8eD).
Figure4.-Concluaad.ContourOofconstantrelative valoeity ratio V.
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(b)Weightflow,26.X.wmIlsperseeond(caseB).

Figuxe5. - Continued.Cou&wrisonofblade-surfaaevelocttyratiosobtainedby approximateand
UstrlxEEthoda.
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